Activation of the p53 signaling pathway by DNA-damaging agents was originally proposed to result either in cell cycle checkpoint activation to promote survival or in apoptotic cell death. This model provided the impetus for numerous studies focusing on the development of p53-based cancer therapies. According to recent evidence, however, most p53 wild-type human cell types respond to ionizing radiation by undergoing stress-induced premature senescence (SIPS) and not apoptosis. SIPS is a sustained growtharrested state in which cells remain viable and secrete factors that may promote cancer growth and progression. The p21 WAF1 (hereafter p21) protein has emerged as a key player in the p53 pathway. In addition to its well-studied role in cell cycle checkpoints, p21 regulates p53 and its upstream kinase (ATM), controls gene expression, suppresses apoptosis, and induces SIPS. Herein, we review these and related findings with human solid tumor-derived cell lines, report new data demonstrating dynamic behaviors of p53 and p21 in the DNA damage response, and examine the gain-of-function properties of cancer-associated p53 mutations. We point out obstacles in cancer-therapeutic strategies that are aimed at reactivating the wild-type p53 function and highlight some alternative approaches that target the apoptotic threshold in cancer cells with differing p53 status.
Introduction
Extensive research has been directed towards targeting the p53 tumor suppressor and other key players in the DNA damage surveillance network in an attempt to improve the outcome of conventional cancer therapies [1] . This approach has met with limited success [2] . The impetus behind most of these studies has been the model, proposed in the mid 1990s, suggesting that the principal role of the p53 pathway in determining cell fate following genotoxic stress is to either promote survival by activating cell cycle checkpoints and facilitating repair or to induce apoptotic cell death [3, 4] . However, several laboratories [5] [6] [7] [8] [9] [10] [11] [12] [13] , ours included [14] [15] [16] [17] [18] , have demonstrated that the primary response triggered by moderate doses of DNA-damaging agents in most human cell types is a sustained proliferation block, and not apoptosis. The proliferation block triggered by ionizing radiation predominantly reflects stress-induced premature senescence (SIPS) in p53-proficient cultures [6, 11] , and the development of multinucleated and polyploid giant cells in p53-deficient cultures [5, 8] . Accumulating evidence has revealed that such responses may represent cell survival mechanisms consequent to therapeutic exposures.
Below, we will first review the current knowledge on the p53 signaling pathway that is activated in human solid tumor-derived cell lines after exposure to ionizing radiation, with a particular focus on the multiple functions of p21 WAF1 (hereafter p21), a key downstream effector of p53. Next, we will discuss the properties of mutant p53 commonly found in human cancers and will examine some promising pharmacological approaches for potentiating the radiosensitivity of cancer cells with differing p53 status.
Wild-type p53 Signaling
The human p53 protein is a 393 amino acid transcription regulator consisting of five structural and functional domains [19, 20] (also see Figure 1 ). The N-terminal acidic transcriptional transactivation domain is required for activating p53-inducible genes. The central DNA-binding domain facilitates sequence-specific binding of p53 to p53-response elements in DNA. The tetramerization domain [19, 20] . The most frequently mutated codons ("hotspot" codons) are identified. Several proteins that phosphorylate p53 and the target amino acids of p53 are also shown in the box [21] . ATM, ataxiatelangiectasia mutated; ATR, ataxia-telangiectasia and RAD3 related; DNA-PK, DNA-dependent protein kinase; mTOR; mammalian target of rapamycin; CHK1 and 2, checkpoint kinases 1 and 2; p38k, p38 kinase; GSK3β, glycogen synthase kinase-3 beta; HIPK2, homeodomain interacting protein kinase 2; JNK, c-Jun-NH(2)-terminal kinase; PKC, protein kinase C; CK2, casein kinase 2; PKR, protein kinase R.
facilitates the interaction of p53 monomers to form dimers, and the interactions of dimers to form tetramers. Tetramerization is essential for the ability of p53 to positively regulate gene expression. These three domains contribute to transcriptional activation of a large number of p53 targets, including the multifunctional protein p21 (see below) and the proapoptotic proteins BAX, PUMA, and NOXA.
In addition to inducing gene expression, p53 negatively regulates the transcription of a large number of genes, including those that encode BCL-2 [22] , MCL-1 [23] , and survivin [24] , all of which suppress apoptosis, and MDR-1 [25] [26] [27] that confers the multidrug resistance phenotype. This property of p53 is associated with the proline-rich domain which is located between the DNA binding and transactivation regions. Repression by p53 occurs indirectly through the transcriptional activation of a repressor protein(s) [27] .
In normal unstressed cells, the p53 protein is maintained at low steady-state levels that restrict its impact on cell fate [28] . Turnover of p53 is predominantly regulated by MDM2-mediated ubiquitination and degradation. Genotoxic stress triggers a series of posttranslational modifications on p53 ( Figure 1 ) that contribute to its stabilization, nuclear accumulation and biochemical activation [29, 30] . The rapid activation of p53 by ionizing radiation is mediated by the kinase activity of the ataxia-telangiectasia-mutated (ATM) protein. Upon activation, p53 and its downstream effectors (e.g., p21) regulate different responses, including cell cycle checkpoints, apoptosis, and SIPS.
An assessment of p53 in terms of its regulation, function, and transcriptional targets in response to different stimuli is beyond the scope of the current paper, and the reader is referred to previous reviews (e.g., [20, 31, 32] ). In what follows, we discuss the multiple functions of p21 (Figure 2) in the p53 signaling network that is activated by ionizing radiation, a key component in cancer therapy.
p21 and Cell
Cycle. The p21 protein is classified as a member of the CIP/KIP family of the cyclin-dependent kinase (CDK) inhibitors and is considered to be a universal inhibitor of cell cycle progression [35, 36] . p21 exerts its effect on the cell cycle not only by inhibiting cyclin/CDK complexes, but also by inhibiting proliferating cell nuclear antigen (PCNA), degrading retinoblastoma protein (pRB), and inhibiting cyclin B1. The N-terminal region of p21 binds to CDKs and inhibits their ability to phosphorylate pRB, an event that is required for the release of the E2F factor from pRB/E2F complexes and progression of cells from G1 to S phase [37] . p21 also inactivates pRB through proteasome-mediated degradation, independent of its effect on cyclin/CDK complexes [38] . The C-terminal region of p21 suppresses DNA synthesis by interacting with PCNA, an auxiliary factor for DNA polymerase δ [37] . Collectively, Senescence genes (e.g., fibronectin 1, integrin β3) Figure 2 : Multiple functions of the p21 tumor suppressor. This protein plays a crucial role in the p53 signaling pathway owing to its ability to inhibit cell cycle progression (e.g., by interacting with PCNA and cyclin/CDK complexes), influence gene expression indirectly, through interfering with DNA methyltransferase (MeTase) activity, and directly, by controlling the transcription of genes involved in senescence and mitosis, down-regulating apoptosis (e.g., through interaction with ASK-1), and positively regulating ATM and p53.
p21-mediated suppression of cyclin/CDK functions, degradation of pRB, and inhibition of PCNA result in activation of G1/S and S-phase checkpoints. In addition, p21 contributes to the G2/M checkpoint in response to DNA damage [39, 40] and this effect has been attributed to p21-mediated degradation of the G2-associated cyclin, cyclin B1 [40] .
p21 and Gene Expression.
In 1997, Chuang and associates demonstrated that p21 negatively regulates DNAmethyltransferase activity [41] . This finding raised the possibility that p21 might indirectly influence the expression of the many human genes that contain CpG islands within their transcription start sites [14, 42] . In 1998, we reported studies with non-cancerous human fibroblasts that supported the model in which DNA damage-induced sustained growth arrest (now commonly called SIPS) is a delayed response, predominantly reflecting p21-mediated regulation of gene expression rather than activation of early cell cycle checkpoints [14] . More recently, p21 was established to actively participate in the regulation of genes involved in growth arrest, senescence, and aging [43] [44] [45] [46] . Roninson and coworkers showed that p21 positively regulates the expression of a battery of genes associated with senescence, and suppresses the transcription of numerous genes that control mitosis [6, 43] .
More recently, Löhr et al. [27] made a striking discovery when testing their hypothesis that p53-mediated repression of genes might involve a repressor. The negative regulation of all p53-repressed genes that were analyzed by these authors proved to be entirely dependent on the presence of p21, and overexpression of p21 was shown to repress similar sets of genes. Thus, p53-mediated gene repression occurs mainly (if not solely) through p53-mediated transcriptional activation of p21.
p21 and Senescence.
The p21 protein was identified in three different laboratories in the early 1990's, and was variously called CIP1 for CDK-interacting protein 1 [35] , WAF1 for wild-type p53-activated fragment 1 [47] , and SDI1 for senescent cell-derived inhibitor 1 [48] . Its pivotal role in regulating different types of senescence, including replicative senescence (seen in aging human fibroblasts) and SIPS, is universally accepted. Prominent biomarkers of senescence include the acquisition of enlarged and flattened cell morphology, presence of β-galactosidase activity at suboptimal conditions (i.e., pH 6), and absence of cell division in metabolically-active cells. Replicative senescence results primarily from impaired telomerase activity and shortened telomeres [49] , whereas SIPS is triggered by nonspecific genome-wide DNA damage, independent of telomerase function and telomere status [50, 51] .
Most authors attribute the DNA damage-induced SIPS response to p21-mediated control of the G1/S checkpoint. Specifically, it has been proposed that p21 might switch on the SIPS program mainly through activating this checkpoint, whereas another G1 checkpoint activator, the CDK inhibitor p16 Ink4a (hereafter p16), might serve to maintain the growtharrested state associated with SIPS. Several reports, however, did not support a role for p16 in SIPS (e.g., [52, 53] ). Our recent studies with human normal, ataxia telangiectasia (AT) and Li-Fraumeni syndrome fibroblasts led us to propose the model in which p16 serves as a backup regulator of SIPS, triggering this response only in the absence of wild-type p53 function [18] . In addition, ATM-deficient (AT) fibroblasts, which are known to fail to activate early cell cycle checkpoints in response to ionizing radiation, exhibited hypersensitivity to undergo SIPS after irradiation when compared to normal fibroblasts. AT fibroblasts undergoing SIPS did not express p16, but exhibit nuclear accumulation of p21, which was observed several days (but not ≤24 h) after irradiation. These results clearly dissociate early cell cycle checkpoints from SIPS, at least in the fibroblast background, and are consistent with the premise that p21-mediated SIPS may largely reflect its ability to regulate gene expression. Flow cytometric profiles of A172 cell populations before (control) and after exposure to 5 Gy or 10 Gy doses of γ radiation and incubation for the indicated times. For each sample, the adherent and floating cells were combined and analyzed as described [33] . Relative cell number is plotted as a function of fluorescence intensity. The percentage of cells with sub-G1 (apoptotic) nuclei is indicated above the marked area in each diagram.
According to Crescenzi et al. [54] , p53 wild-type cancer cell lines (e.g., A549, MCF7, and HCT116) that do not express p16 exhibit a high degree of SIPS in response to DNA damage. SIPS cancer cells that were maintained in culture for several months showed neither proliferation nor loss of viability and were mainly arrested with a G2-M DNA content. The apoptosis resistance of such cells was shown to be a direct consequence of the sustained upregulation of p21.
p21 and Apoptosis.
It is becoming appreciated that under certain conditions p21 functions as a potent antiapoptotic factor, acting at different levels of the death cascade. Phosphorylation of p21 at the Thr 145 residue in some cell types triggers the exit of p21 from the nucleus and its accumulation in the cytoplasm, where it interacts with apoptosis signal-regulating kinase 1 (ASK-1), downregulates the stress-induced mitogen-activated protein kinase (MAPK) cascade, and results in resistance of cells to apoptosis induced by different stimuli [55] [56] [57] . Thr 146 phosphorylation of p21 and its cytoplasmic retention occurs in Her2/neu-expressing cancers and is mediated by the phosphatidylinositol-3 kinase (PI3K)/AKT pathway [55] . In addition, p21 has been reported to downregulate apoptosis by forming a complex with procaspase-3 and suppressing its activation by masking the protease cleavage site [58] , inhibiting activation of caspase-9 [59] , and inhibiting cytochrome c release from mitochondria [60] . Recent studies with p53 wildtype A549 human lung carcinoma cells treated with the histone deacetylase inhibitor trichostatin A [61] or the CDK inhibitor roscovitine [62] have provided new insight into the relationship between p21 and caspase-3 in the regulation of apoptosis. Treatment of A549 cells with high concentrations of each of these chemicals triggered apoptosis, and this response was accompanied by caspase-3-dependent cleavage of p21. Surprisingly, a 15-kDa fragment of p21 was essential in caspase-3-mediated apoptosis. In short, it appears that Journal of Biomedicine and Biotechnology 5 intact p21 protein suppresses apoptosis through inhibition of caspase-3 activity, whereas a 15-kDa cleavage product of p21 facilitates caspase-3-directed apoptosis.
As alluded to earlier, the negative regulation of transcription by p53 is mediated in part by p21. This observation is puzzling because p53-repressed proteins (e.g., BCL-2, MCL-1, survivin) are anti-apoptotic, and the factor (p21) that mediates this repression is also intrinsically anti-apoptotic. The aforementioned discoveries with trichostatin A and roscovitine raise the intriguing possibility that the 15-kDa cleavage product of p21 might mediate the p53-directed repression rather than the full-length p21 protein. Further studies are warranted to test this model.
p21, p53
, and ATM. In response to DNA damage, the p21 protein regulates the abundance, subcellular localization, and transcriptional function of p53. Loss of p21 in p53 wild-type human colon carcinoma cells is associated with increased p53 protein levels without exposure to genotoxic agents [63] . In addition, p21 deficiency results in elevated expression of p14 ARF (hereafter ARF) which is known to stabilize p53 by promoting MDM2 degradation [64, 65] . These findings led Javelaud and Besançon [63] to propose that increased ARF levels in p21-null cells may increase the steady-state levels of p53 by interrupting the MDM2-p53 feedback loop.
Although p21 negatively regulates p53 protein abundance, recent work of Pang et al. [66] paradoxically demonstrated the requirement of p21 in the maintenance of the p53 transcriptional program. In human colon carcinoma cells exposed to ionizing radiation, knocking out the p21 gene resulted in a p53 protein shift from chromatin into the cytoplasm and attenuation of the specific activity of p53 as a transcription factor. Complementation of p21 knockout cells with the p21 gene restored nuclear localization of p53 and its transcriptional activity after irradiation. Moreover, ATM inhibition in p21 wild-type cells also resulted in nuclear exclusion of p53, suggesting a positive interaction between ATM and p21. The authors concluded that the p53 transcription program has evolved a negative and a positive feedback loop, the balance of which controls the transcriptional function of p53 in response to DNA damage. The well-known negative loop is maintained by MDM2, whereas the novel positive loop is maintained by the ATMp21 axis.
Sequential Waves of p53 and p21 in the DNA-Damage Response
Zhang et al. [67, 68] constructed an integrative computational model of the p53 network for ionizing radiation which was composed of four modules: DNA repair, ATM sensor, p53-centered feedback control, and cell fate decision. The cell fate decision module was limited to G1 arrest and apoptosis. The model predicted multiple waves for p53 and p21 after irradiation and two forms of p53: the "arrester" p53 that was phosphorylated at Ser 15 and mediated early checkpoints through p21, and the "killer" p53 that was additionally phosphorylated at Ser 46 and mediated apoptosis through caspase-3. Under normal conditions (no gene manipulations), the level of p53 killer (Ser 46-phosphorylated) was ∼6 times higher than that of the p53 arrester (Ser 15-phosphorylated), and the former was fully manifested at around 24 h after exposure to 7.5 Gy of ionizing radiation and was predicted to induce 100% apoptosis [68] . This model remains to be experimentally tested in different biological systems. Unfortunately, the model did not incorporate SIPS which is a major response triggered by ionizing radiation in most p53-proficient cell types. With respect to p21, induction of apoptosis after irradiation was predicated to be invariably associated with a decline of p21 to the basal levels. This prediction is consistent with the well-known anti-apoptotic property of p21 (see above). As discussed below, some other key aspects of the model are not supported experimentally for human solid tumor-derived cell lines and noncancerous fibroblast strains.
Sequential Waves of p53 and p21 in Cancer Cells.
Batchelor et al. [69] reported the dynamics of the global p53 protein levels in MCF7 breast cancer cells (p53 wild-type) consequent to ionizing radiation exposure (10 Gy). Western blot analysis revealed two p53 peaks over a period of 10 h after irradiation, the first at ∼2 h and the second at ∼8 h. The authors suggested a model in which the initial p53 pulse would allow the cells to activate repair/checkpoints and the late pulse to trigger apoptosis. Unfortunately, no repair/checkpoint/apoptosis data were reported to support the model. These measurements would be particularly critical for MCF7 cells because these cells lack caspase-3 [70] which is a key mediator of radiation-induced apoptosis [68, 71] . These authors also did not incorporate SIPS in their model. Furthermore, the influence of radiation exposure on p21 dynamics was not reported.
Radiation-induced SIPS is a late response, being fully manifested several days after irradiation [72] . In our studies with several p53 wild-type human cancer cell lines (e.g., A172 malignant glioma), senescence-associated β-galactosidase staining (a marker of SIPS) was observed at 3 days and beyond after irradiation (e.g., 5 Gy), but not at earlier times (unpublished data). These observations, together with the "digital" response of p53 to DNA damage and the role of p21 in regulating p53, prompted us to determine the relationship between p53 and p21 protein levels at early (2-12 h) and late times (1-7 days) after exposure to ionizing radiation. We used the A172 cell line and a 5 Gy dose of γ radiation. This dose causes ∼95% "cell kill" in the clonogenic assay which largely reflects SIPS [15] , but induces only marginal (<5%) apoptosis when evaluated at various times between 1 and 6 days after irradiation (Figure 3) . The caspase cascade is functional in A172 cells (e.g., [73] ). Representative Western blots and the p53/p21 protein measurements from multiple experiments are presented in Figure 4 . Three observations should be noted:
(i) over a period of 12 h after irradiation (5 Gy), there were two peaks for p53, one at ∼2 h and one at ∼6 h. These data are in general agreement with those 1) . Bars, SE. Western blot analysis of p53 and p21 protein levels was performed using our published techniques [15] .
reported by Batchelor et al. [69] who used MCF7 cells exposed to 10 Gy of γ radiation. In their experiments, the p53 levels peaked between 2 and 3 h and between 6 and 9 h after irradiation;
(ii) in irradiated cultures, p53 levels decreased to nearly background levels after day 1 and remained low on day 2. Three days after irradiation, however, p53 levels increased markedly and remained elevated over the duration of the experiments (7 days);
(iii) the p21 response involved two major waves over the time window that we examined. The levels of p21 increased at early times and peaked at ∼6 h. The levels subsequently declined at later times and reached the background levels on day 2. This was followed by a second wave of p21 upregulation on day 3, and p21 levels remained high for the duration of the experiments. This late (≥3 days) p21 wave coincides with the onset of SIPS noted above, suggesting a relationship between these responses.
Immunofluorescence microscopy generated results consistent with the Western blotting, with radiation exposure triggering three and two waves of p53 and p21, respectively ( Figure 5 ). The former assay also revealed that the p53 and p21 upregulation post-irradiation reflects nuclear accumulation of these proteins ( Figure 5(a) ).
These results suggest that p53 in irradiated cultures might be phosphorylated at Ser 15 because this phosphorylation is essential for the nuclear accumulation of the protein, and p21 contributes to this response [66] . Immunofluorescence experiments performed at selected times (2 h and 3 days) after irradiation (5 Gy) confirmed this prediction. Under these conditions, we observed strong nuclear fluorescence staining using a Ser 15-phosphospecific antibody (Figure 6(a) ). Similar results were obtained when cultures were exposed to 10 Gy (data not shown). We also used a Ser 46-phosphospecific antibody in these experiments. In response to 5 Gy (Figure 6(b) ) or 10 Gy (data not shown) doses of γ radiation, we observed a strong nuclear staining at 2 h after irradiation, but low (background) staining at the late time point (Figure 6(b) ). The importance of Ser 46 phosphorylation of p53 at early times after exposure to subapoptotic doses of ionizing radiation remains to be elucidated. Figure 7 illustrates the multiple functions of p53 and p21 discussed above, together with their dynamic behaviors shown in Figures 4 and 5 , for human solid tumor-derived cells exposed to moderate (sub-apoptotic) doses of ionizing radiation. The early response involves ATM-mediated activation of p53 which accelerates repair and induces p21, which Journal of Biomedicine and Biotechnology Immunofluorescence analysis of p53 and p21 protein levels was performed using our published techniques [18] .
in turn downregulates apoptosis and activates cell cycle checkpoints. At late times (several days) after irradiation, persistent genomic injury in a proportion of cells triggers the delayed wave of ATM-p53-p21 induction, leading to p21-dependent activation of the SIPS program accompanied by suppression of apoptosis. The sustained proliferation block and apoptosis resistance is maintained through positive feedback interactions between ATM and p21, and between p53 and p21. That p21 is responsible for the apoptosis resistance of cancer cells undergoing SIPS has also been documented with different cancer cell lines treated with the chemotherapeutic drug doxorubicin [54] . Inhibition of either ATM or p21 after full manifestation of the SIPS response readily induced apoptosis in the absence of additional stimuli [54] .
Sequential Waves of p53 Signaling in Fibroblasts.
The above observations with solid tumor-derived cells are compatible with the two-wave model of DNA damage response that we proposed in 1998 for human fibroblasts [14] . According to our model, while the early activation of the p53-p21 axis causes transient activation of cell cycle checkpoints to facilitate repair, the persistence of genomic injury (e.g., chromosome aberrations) provides the critical signal for the late activation of the p53-p21 axis, leading to p21-mediated SIPS or p53-mediated apoptosis, depending on the type and extent of DNA damage. Recently, we have shown that human fibroblast strains expressing wild-type (normal, AT) or mutant (Li-Fraumeni syndrome) p53 lose their clonogenic potential following exposure to ionizing radiation (2-8 Gy) through undergoing SIPS and not apoptosis [18] . The radiation-induced SIPS correlated with expression of p21 but not of p16 in p53-proficient fibroblasts, and with expression of p16 but not of p21 in p53-deficient fibroblasts.
Mutant p53 Signaling
Mutation of the p53 gene is one of the most frequent genetic changes in human cancer. Most of the p53 mutations are located within the central DNA-binding domain (residues 102-292) and a few hot spots are found in the conserved regions of the gene (Figure 1 ). Although loss of p53 expression has been observed in various cancers, the majority of p53 mutations result in expression of mutant p53 that exhibits gain-of-function properties. Such mutations actively promote pro-survival signals and tumorigenesis, independent of the loss of wild-type p53 function [76] [77] [78] .
Sub-cellular localization of mutant p53 is critical for the biological outcome. Cytoplasmic sequestration of mutant p53 is observed in some cancers and has been associated with its ability to interact with mitochondrial caspase-3, thereby conferring the apoptosis-resistant phenotype [79] . These mutations are not frequent. In fact, we did not observe cytoplasmic sequestration of p53 in any of the p53-mutated breast cancer cell lines commonly used in our laboratory ( Table 1 ). The majority of cancer-specific p53 mutations result in nuclear accumulation of mutant p53 protein that exhibits properties such as long half-life and the ability to transcriptionally activate genes that are not activated by wildtype p53. Of the panel of mutant p53 breast cancer cell lines examined by us, ten showed high levels of nuclear p53 (Table 1) , and two (SUM159PT and MDA-MB-436) expressed low levels or no p53. A large number of genes are induced by gain-of-function p53 mutants [76] [77] [78] . These include the epidermal growth factor (EGF) receptor [80] , c-Myc [81] , Fos [82] , and MDR-1 [83] . The finding that MDR-1 transcription is induced by some p53 mutants but is repressed by wild-type p53 is intriguing. The MDR-1 gene encodes P-glycoprotein, an energy-dependent anti-cancer drug efflux pump [84] . Overexpression of MDR-1could result in the selective resistance of cancer cells to drugs such as vinblastine, etoposide, and taxol, which are transported by this membrane pump [85] .
The gain-of-function effects are not limited to regulation of gene expression by mutant p53. In a number of in vitro and in vivo models, for example, mutant p53 was shown to augment the promigratory, proinvasive, and prometastatic properties of TGF-β [86] . Furthermore, many gain-offunction effects of mutant p53 rely on its ability to bind and inactivate the p63 and p73 tumor suppressors [77] . In p53-deficient cells, these p53-related proteins play important roles in maintaining genome stability by suppressing aneuploidy and polyploidy [87, 88] .
Although the gain-of-function effects are complex [77] , the remarkable apoptosis-resistance feature appears to be directly linked to high expression of mutant p53, rather than reflecting some secondary effect such as changes in gene expression patterns associated with genomic instability. The Figure 7 : ATM-p53-p21 signaling in p53 wild-type human solid tumor-derived cells exposed to ionizing radiation. (a) Radiation exposure results in ATM-dependent activation of several proteins (e.g., p53, WRN, DNA-PKcs) that play important roles in DSB repair, as well as p53-mediated activation of p21 that suppresses apoptosis and activates cell cycle checkpoints. Proper activation of these early events provides time for the repair of potentially cytotoxic and mutagenic lesions. (b) Persistence of DNA damage (i.e., irreparable damage) at late times (several days) after irradiation leads to sustained induction of p21 which suppresses apoptosis and triggers SIPS. Positive feedback loops between ATM and p53 and between p53 and p21 ensure the maintenance of the SIPS response for extended times (several months in culture). WRN, Werner's syndrome protein; DNA-PKcs, DNA-dependent protein kinase catalytic subunit; γ-H2AX, H2A variant histone H2AX phosphorylated on Ser 139. basis for this conclusion is that suppressing mutant p53 by the transient siRNA approach induced death through apoptosis in the MDA-MB-231 breast cancer cell line [89] . Using a similar approach, in a preliminary study we confirmed this observation with MDA-MB-231 cells, and further observed that transient silencing of mutant p53 induced a high degree of apoptosis (>50%) in several breast cancer cell lines that carry missense p53 mutations, including the widely-used cell lines MDA-MB-435s, MDA-MB-468, BT-474 (which express exon 8-mutant p53) and BT-549 (which expresses exon 7-mutant p53) (unpublished observations). The finding that suppression of at least certain types of mutant p53 renders cancer cells highly susceptible to undergo apoptosis provides the opportunity to design novel cancer therapy strategies, some of which are discussed below.
p53-Based Cancer Therapies:
Reality or Empty Promises?
Normal cells possess tight regulatory mechanisms that enable constitutive p53 to maintain cellular homeostasis without impeding normal growth and function. These regulatory mechanisms are subverted in cells within most cancers that lack wild-type p53 activity. These observations led to the notion that sudden reactivation of p53 may trigger lethality or permanent growth arrest in p53-deficient cancer cells and might lead to the development of successful anticancer treatments. Accordingly, modulating p53 in the context of cancer therapy has been a very active area of research for many years. Approaches to restoring p53 function included the use of virus-mediated p53 gene replacement, pharmacological agents capable of activating endogenous wild-type p53 (e.g., RITA, Nutlins), and pharmacological agents that reactivate some of the wild-type function of endogenous mutant p53 (e.g., CP31398, MIRA, PRIMA, Ellipticine). Despite intensive research and new drug discoveries, the conventional p53-based therapeutic strategies have met with limited success [2] . Numerous obstacles have been identified, including unwanted side effects in normal tissues and the development of p53-resistant tumors [2] . Furthermore, in view of the current knowledge on p53-mediated responses reviewed above, activation of p53 in some cancer cells would be expected to result in p21-mediated induction of SIPS and down-regulation of apoptosis. Triggering SIPS in some cancers (e.g., sarcomas) has been associated with a positive therapeutic outcome [90, 91] . With most other cancers, however, the longterm consequences of SIPS remain unknown. As mentioned above, cells undergoing SIPS maintain viability and secrete factors that, among other detrimental effects, can promote tumor growth and mediate the transformation process of pre-neoplastic cells [6, 12, [92] [93] [94] [95] . In addition, although cells undergoing SIPS do not form macroscopic colonies in clonogenic survival assays, it is becoming increasingly appreciated that under some conditions SIPS might not be a "permanent" growth-arrested state. Thus, a proportion of cells exhibiting features of SIPS can escape the proliferation block and give rise to aneuploid progeny that can re-enter the mitotic cycle [12, 94, 95] . The crosstalk between SIPS and autophagy is considered to influence the capacity of the tumor cells to maintain a prolonged state of growth inhibition that unfortunately can be succeeded by tumor regrowth and disease recurrence [95] .
Despite their limitations when used singly, the usefulness of small-molecule modulators of p53 are being explored in other contexts, such as in combination therapy with conventional anti-cancer agents (e.g., doxorubicin) [2] . As pointed out by Desilet et al. [2] , whether p53 will fulfill its promise of playing a leading role in cancer therapy remains to be seen. The potential and limitations of p53-based cancer therapies have been extensively reviewed by us [96] and others [2] and will not be considered further. Below, we will outline some alternative pharmacological approaches that modulate the apoptosis-resistance phenotype of cancer cells with differing p53 status.
Targeting Phospholipase D in Cancer
Therapy. Phospholipase D (PLD) promotes tumor progression by generating "survival signals" that suppress default apoptotic programs [97] [98] [99] . PLD is known to be responsible for activation of the mammalian target of rapamycin (mTOR) [100] [101] [102] [103] , stabilization of mutant p53 [89] , and regulation of aerobic glycolysis (the "Warburg effect") [104] , all of which suppress apoptosis and promote cancer cell proliferation and migration. Consistent with these properties, elevated PLD activity has been observed in several human cancers including breast [99] , and in several human cancer cell lines including those from breast [98, 105, 106] . In view of the emerging paradigm of PLD survival signals in the context of therapeutic intervention, Hui et al. [89] determined the influence of PLD on the mutant p53 in the MDA-MB-231 breast cancer cell line. PLD was shown to mediate the stabilization of mutant p53 in these cells, and targeting either PLD or mutant p53 by the siRNA approach enhanced their sensitivity to undergo apoptosis in response to serum withdrawal. The impact of targeting PLD on the apoptotic response of mutant p53-expressing cancers after exposure to ionizing radiation and chemotherapeutic drugs remains to be, and should be, elucidated.
Targeting mTOR in Cancer
Therapy. mTOR is a key regulator of cellular metabolism and apoptosis [107] . Accordingly, there is a great deal of interest in exploring mTOR as a target for cancer therapy [75, [107] [108] [109] . Its expression is regulated by PLD [100] and the PI3K/AKT pathway [75] . Ionizing radiation and other stress stimuli are known to activate mTOR [75] . Targeting mTOR using the small-molecule inhibitor RAD0001 (Everolimus) resulted in marked radiosensitization of MDA-MB-231 breast cancer cells through induction of caspase-3-dependent apoptosis [75] .
Targeting Heat Shock Protein 90 in Cancer Therapy.
In cancer cells, the molecular chaperone heat shock protein 90 (HSP90) is used to facilitate the function of numerous oncoproteins, and contributes to resistance of cancers to therapy [110, 111] . HSP90 is known to mediate the maturation of mTOR, facilitating this kinase to form functional complexes with its specific interacting partners [112] . BIIB021, a novel small-molecule inhibitor of HSP90, was recently reported to potentiate the apoptotic response of several human head and neck squamous cell carcinoma (HNSCC) cell lines after exposure to ionizing radiation, and to elicit a remarkable impact on the outcome of radiotherapy of HNSCC xenografts [113] .
5.4.
Targeting Aurora B in Cancer Therapy. As mentioned earlier, loss of wild-type p53 function is permissive for the development of giant cells with extensive genetic abnormalities (e.g., multinucleation, polyploidy) in response to genotoxic stress [114] . It is becoming apparent that multinucleation/polyploidy may provide a radiation-survival mechanism in p53-deficient cancer cells. Giant cells with such genetic abnormalities may give rise to rapidly proliferating offspring by different mechanisms, including neosis, an ill-defined parasexual somatic reduction division which resembles division of the budding yeast [12, 13, 94] , as well as depolyploidization through meiotic or pseudo-meiotic pathways [115, 116] (also see Figure 8 ). The Aurora B kinase, a key regulator of chromosome segregation and cytokinesis [117] , has been identified as the gatekeeper Broken arrows indicate that the mechanism by which cancer-therapeutic agents (e.g., ionizing radiation) might trigger activation of phospholipase D (PLD) and mitotic kinases remain to be determined. However, it is known that PLD contributes to activation of PI3K/AKT signalling [74] , and that ionizing radiation triggers mTOR activation through PI3K/AKT [75] . Asterisks mark molecules/pathways that might be targeted, for example, using small-molecule inhibitors, for improving the outcome of cancer radiotherapy (see text for details).
between the life and death of such multinucleated/polyploid giant cells; expression of catalytically-active Aurora-B kinase promoted the survival of giant cells, whereas its absence was associated with giant-cell apoptosis [118] . Moreover, the Aurora B inhibitor AZD1152 markedly potentiated the radiosensitivity of p53-null human colon carcinoma cells when evaluated in vitro and in vivo [119] . The influence of targeting Aurora B and other mitotic kinases (e.g., PLK-1) on the radiosensitivity of mutant p53-expressing cancers is unknown.
Targeting Cell-Metabolic Pathways in Cancer Therapy.
In normal cells, adenosine triphosphate (ATP), the principal molecule that drives all energy-dependent cellular processes (including synthesis of proteins, nucleic acids and lipids), is mainly generated by two metabolic pathways: oxidative phosphorylation when oxygen is plentiful, and anaerobic glycolysis when oxygen levels are low. Cancer cells, on the other hand, metabolize glucose to generate ATP by glycolysis even when oxygen is abundant (the "Warburg" effect). This and other metabolic differences between normal and cancer cells have led to growing interest in metabolic inhibitors in cancer therapy [120] [121] [122] [123] [124] [125] . Promising results have been reported with 2-deoxyglucose (2DG) and the antidiabetic agent metformin [121] . Treatment with these drugs depleted ATP and induced apoptosis in p53 wildtype prostate cancer cells but not in normal prostate cells. Dichloroacetate (DCA), an inhibitor of the enzyme pyruvate dehydrogenase that is a key mediator of the Warburg effect, is also known to promote apoptosis in human cancers [126] [127] [128] . Whether targeting the tumor-specific metabolic pathways by small-molecule inhibitors would improve the outcome of radio/chemotherapy of cancers expressing wildtype, mutant, or no p53 remains to be determined.
Conclusion
In this article, we have discussed the growing complexity of p53 signaling, pointed out some challenges associated with conventional p53-based cancer therapeutic strategies, and highlighted novel targets that might be exploited for improved therapeutic outcome. These targets include PLD, mTOR, HSP90, Aurora B, and the Warburg effect ( Figure 9 ). Many small-molecule inhibitors of these targets are commercially available and are known to have suitable half-lives and bioavailability for clinical applications (see, e.g., [119, [126] [127] [128] [129] [130] ). The mTOR inhibitor RAD0001 (Everolimus), for example, has been in clinical development since 1996 and is currently in clinical trials for various cancers, including triple-negative metastatic breast cancer. Although the studies that have identified these targets were performed with different solid tumors and cell lines, the results are nonetheless encouraging and warrant further indepth evaluation with a specific cancer type.
In this article, we have further demonstrated for the first time that ionizing radiation triggers sequential waves of p21 in p53 wild-type human cancer cells. The waves of p21 induction peaked at early times (∼6 h) and late times (several days) post-irradiation, which presumably contribute to activation of cell cycle checkpoints and SIPS, respectively. That p21-dependent SIPS is a prominent response of p53 wild-type cancer cells exposed to clinically-relevant doses of ionizing radiation is well established. Interestingly, consistent with our observations with Li-Fraumeni syndrome fibroblasts [18] , studies with non-small cell lung carcinoma cell lines have revealed that ionizing radiation also triggers p16-dependent (but p21-independent) SIPS in some cell lines with mutant p53 [131] . However, for most cancers, whether the treatment-induced SIPS may lead to cancer cure or may be associated with tumor recurrence, ultimately leading to the emergence of highly metastatic and therapy-resistant disease, remains largely unknown. Unraveling the long-term effects of SIPS in a given cancer type will lead to novel therapeutic strategies for solid tumors with differing p53 status.
